Experiments on the effects of temperature on the levels of unsaturated fatty acids and their rates of desaturation in Brassica napus leaf lipids have shown that significant differences occur in the composition of all diacylglycerols in the leaf between plants grown at high and low temperatures. In the major thylakoid diacylglycerols, monogalactosyl-diacylglycerol and digalactosyldiacylglycerol, not only is there an increase in the level of unsaturation at low temperatures, but there is a change in the balance between molecular species of chloroplastic origin (16/18C) and cytosolic origin (18/18C). Radioactivity tracer data indicate that at low temperatures there are two distinct phases of desaturation in the fatty acids of the major diacylglycerols of these leaves. A rapid phase, which appears in plants grown at low temperatures and results in the desaturation of palmitic acid to hexadecadienoic acid and oleic acid to linoleic acid may explain the high levels of unsaturated fatty acids found in the leaf diacylglycerols from plants grown at low temperatures. The appearance of this rapid phase is controlled by the temperature at which the plant is grown and is not subject to rapid variations in environmental temperature.
A common phenomenon found in many prokaryotes, plants, and animals is the ability of an organism to adapt to low environmental temperatures by increasing the level of unsaturation in the fatty acids of membrane diacylglycerols (8, 12, 13) . It is generally believed that the increase in unsaturation affords the organism some protection from low temperature damage and/ or allows the organism to optimize membrane-bound or dependent metabolic reactions. It is possible that some organisms also adapt to higher temperatures by lowering the level of unsaturation of their fatty acids. These changes in levels of unsaturation are thought to affect the general fluidity of membranes and/or to have selected or localized effects on specific membrane components such as photosynthetic electron transport (9, 10) .
In plants, no satisfactory theory has been advanced to explain how this modification in unsaturation is accomplished. Harris and James (2) proposed that the increased solubility of 02 at low temperatures would increase desaturase activity because 02 is a substrate in this reaction. Others (5, 6) membrane-bound enzymes, thus altering their activity. A third possibility (8, 12, 16) is that the lower temperatures result in changes in the transcription, translation, or post-translational modification of the enzyme resulting in either higher levels of production of the enzyme or increased enzyme efficiency or activity. The desaturase enzyme might also be high temperature labile or controlled by a thermally labile modulator as has been proposed in Bacillus (1) .
Research in this area in relation to the production ofthe major diacylglycerols in leaves has been hampered by the inability to isolate the desaturase enzymes and perform standard in vitro kinetic analyses. In vivo analyses have been difficult because until recently (4, 15) the understanding of the metabolic pathways of the major chloroplast diacylglycerols has been confused. It 4CO2. Lipids were extracted from leaves, purified, and separated as previously described (7, 17) . The molecular species of MGDG and DGDG were separated by argentation TLC and analyzed by GLC (Packard model 7300) using a megabore capillary column DB-225 (30 m x 0.53 mm, film thickness 1.0 ,m) (J & W Scientific). The initial column temperature was maintained at 170°C for 10 min and then was increased to 2 10C at the rate of 2°C/min. with a final hold for 5 min. The carrier gas (helium) flow was regulated at a constant column pressure in the range of 12 to 14 psi and the make-up gas flow was set at 8 psi. The effluent stream was split, and fatty acid fractions were collected and counted by scintillation spectrophotometry as previously described (14) . Table III . The trend in all the diacylglycerols was an increase in desaturation at lower temperatures with the exception of trans-16:1 in PG which decreased. In MGDG, there was an apparent decrease in the level of 18:3, however, this was compensated for by an increase in the level of 16:3, the total trienoic acid content increasing at lower temperatures.
RESULTS
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Several theories have been advanced to explain this phenomenon in plants but none has received general support from data so far published. Our data cast further doubt on two of the major ideas proposed. Harris and James (2) proposed that increased desaturase activity is the result of increased solubility of 02 in aqueous media at low temperatures. Our experiments, however, suggest that it is the temperature of growth not the current temperature that determines the rate of desaturation in B. napus leaves. In one series of experiments, we show that the rate of desaturation of leaves grown at different temperatures differs significantly from that of leaves fed and incubated at the same temperature. In a second series, we show that when plants were grown at one temperature and the leaves are fed and incubated at high or low temperatures, the rates ofdesaturation were highest at high temperatures as would be expected from normal enzyme reactions. These results also cast doubt on the idea of membrane fluidity determining enzyme activity and rates of desaturation in our tissue. If this were the case. it would be expected that plants grown at elevated temperatures would desaturate more rapidly when incubated at lower temperatures and vice versa in response to changes in membrane fluidity. Our data clearly indicate that plants are preconditioned by the temperature of growth and do not respond to sudden changes in environmental temperatures. They lead to the conclusion that levels of desaturation are controlled by processes such as transcription, translation, and/ or post-translational modification of these enzymes. Our results also show that when plants are grown at low temperatures there appears to exist, in addition to the normal slow process of desaturation found at higher temperatures, a second phase which results in very rapid desaturation of 16:0 to 16:2 and 18:1 to 18:2. The rates of desaturation in this phase are considerably in excess of those normally found in mature leaf tissue. Siebertz and Heinz (11) using young leaves of Anthriscus found comparable rates of desaturation of 16C and 18C fatty acids in MGDG. We have also found that in Vicia faba leaves the rate of desaturation of fatty acids in all diacylglycerols is higher in young leaves than in fully expanded, mature leaves (our unpublished data). However, in these studies with B. napus leaves, little difference was found between the youngest and the most mature leaves. Differences must be attributed to the growth temperature, not to the age of the leaf.
The induction of a rapid phase of desaturation at low temperatures might overcome the natural difficulty of increasing desaturase enzyme activity at these temperatures. This rapid phase could account for the higher levels of unsaturated fatty acids at lower temperatures in the lipids with which it is associated. This rapid phase may be the result of increased or new enzyme production at low temperatures, a temperature labile modulator, or configurational changes of the membrane enzymes. The induction of enzyme reactions by cold-hardening conditions have been described by Hatano and Kabata (3) who detail the appear- (Tables VII and VIII) . This would also explain why the initial reactions from 16:0 to 16:2 and 18:1 to 18:2 seem to be most enhanced in the appearance of the rapid phase. The specific enhancement ofthe desaturation to 16:2 and 18:2 show that the complete desaturation to 16:3 and 18:3 in each case involves a number of separate desaturation steps and is the result of several independent reactions. However, the rapid desaturation from 16:0 through 16:1 to 16:2 suggests the possibility of a single enzyme or a multienzyme complex.
We have described the appearance of a rapid phase of desaturation in three major diacylglycerol biosynthetic reactions in plant leaves. However, our data (not shown) also indicate the presence ofthis rapid phase in the desaturation of 18C fatty acids in PG and SL but not in 16C desaturation to trans-16:1 in PG. In B. napus the rapid phase appears to be a general phenomenon in both cytosolic and chloroplastic diacylglycerols, although the rates of desaturation of 16C and 18C MGDG and 18C PC fatty acids have relatively different rates. This would suggest a site of action after diacylglycerol formation or the immediate DAG precursor not at the acyl coester.
The presence and variability of this rapid phase has been confirmed in other 16:3-plants (our unpublished data).
The rapid phase is responsible for the biosynthesis of 16:2(3)/ 18:3 molecular species of MGDG. The existence of a slower phase, which eventually results in the biosynthesis of 16:3/18:3 molecular species, also means the formation of at least a temporary pool of 16:0/18:2 (3) molecular species. This may explain the quantitative variation in diacylglycerol molecular species of different origins in MGDG and DGDG. At lower temperatures, the rapid phase results in the fast turnover of MGDG 16:0/18:1 to 16:2 (3)/18:3 species, the consequence of which is the accumulation of higher levels of 16:3/18:3 molecular species of MGDG in the chloroplast. These molecular species are not readily available for galactosylation to DGDG as indicated by the low levels of 16:3 in DGDG at all temperatures. This rapid desaturation in MGDG would lower the pool of 16/18C molecular species available to DGDG biosynthesis, particularly 16:0/ 18:2 (3). The end result, in agreement with our data, would be a relative decrease in 16/18C molecular species of chloroplastic origin and a relative increase in the 18/1 8C molecular species of cytosolic origin.
